the transcription factor cyclic AMP regulatory elementbinding protein (CREB) in mice, Drosophila, and Aplysia Division of Neuroscience Children's Hospital leads to the disruption of transcription-dependent longterm memory without affecting short-term memory and Department of Neurobiology Harvard Medical School (Frank and Greenberg, 1994). While identification of molecules that mediate longBoston, Massachusetts 02115 term memory represents a significant advance, many questions remain to be addressed. Our current underWhen an experience is encoded into a long-lasting standing of the mechanisms by which neuronal activity memory, it is believed that specific sets of neurons in regulates CAM and CREB function is incomplete. It also the brain of the animal undergo changes including the remains unclear how the down-regulation of CAM and strengthening of preexisting synapses and the growth the induction of CREB-dependent gene expression act and maintenance of new synaptic connections. These together to orchestrate long-lasting changes in synaptic activity-dependent synaptic changes appear to require function. However, two papers in this issue of Neuron the coordination of a variety of cellular processes in provide important new information about the signal spatially separated cellular locations. Among these are transduction pathways that control long-lasting synapstructural changes at synapses and alterations in gene tic facilitation in Aplysia and implicate the mitogen-actiexpression within the nucleus. Whereas the establishvated protein (MAP) kinase in this process. ment of short-term memory has been found to depend Long-Term Facilitation in Aplysia on the modification of preexisting cellular proteins, longOne of the best characterized models of synaptic plasterm memory requires new gene expression and the ticity is long-term facilitation (LTF) of the connections synthesis of new proteins (e.g., Bailey et al., 1996). A between sensory and motor neurons that control the gilldecade of research has revealed that important features withdrawal reflex in Aplysia. Facilitation of this synapse of the mechanisms that control both short-and longcontributes to the enhancement of the gill withdrawal lasting changes in synaptic function are conserved reflex, and forms the basis of a simple form of nonassothrough evolution. Studies in organisms as diverse as ciative learning termed sensitization. Serotonin, a neuromollusks, insects, and mammals have shown that similar transmitter believed to be released by interneurons onto protein synthesis-dependent events and conserved sigsensory neurons during sensitization training, modunal transduction pathways play critical roles in the forlates the synaptic connections between sensory neumation of long-term memories.
the postsynaptic motor neurons. Taken together, these findings reveal that MAP kinase is in the right place at the right time to activate transcription factors that are important for regulating programs of gene expression in sensory neurons that mediate long-term plasticity.
Consistent with this possibility, the authors show that MAP kinase activation is essential for the establishment of LTF, but is not required for short-term facilitation. Inhibiting MAPK function with neutralizing antibodies or with a pharmacological inhibitor of MEK (the MAP-and ERK-kinase, the direct activator of MAP kinase) blocked LTF, but did not affect short-term facilitation. One obvious way that MAPK might regulate LTF is by phosphorylating the transcription factors CREB2 and C/EBP␤, leading to their activation.
MAP Kinase Mediates Internalization of a Cell-Adhesion Molecule
Experimental evidence in a second paper (Bailey et al., 1997 [this issue of Neuron] ) suggests that MAP kinase also mediates LTF by another mechanism, whereby MAP kinase functions in the vicinity of the synapse rather than in the nucleus. Repeated exposure of sensory neurons to serotonin stimulates MAP kinase phos- that the down-regulation of apCAM leads to the disrup-MAP kinase is a serine/threonine kinase that is a critical tion of homophilic interactions between presynaptic axtransducer of growth factor signaling to the nucleus in ons, facilitating their outgrowth and the subsequent formammalian cells (Segal and Greenberg, 1996) . Growth mation of new synapses with postsynaptic cells. factor stimulation of the small G protein Ras leads to
In this study, epitope-tagged apCAM isoforms were the activation of a kinase cascade that results in the microinjected into Aplysia sensory neurons and their phosphorylation of MAP kinase on critical threonine and cell-surface expression and subcellular localization were tyrosine residues (Figure 1 ). These phosphorylation monitored by electron microscopic analysis. The auevents lead to MAP kinase activation and translocation thors find that a specific isoform of apCAM, a transmemto the nucleus where this kinase then phosphorylates brane form that includes a cytoplasmic tail containing a several transcription factors that control immediate known degradation signal sequence and two consensus early gene expression. MAP kinase is believed to play sites for phosphorylation by MAP kinase, is selectively an important role in synaptic function since it is activated internalized and degraded upon prolonged exposure upon glutamate stimulation of Ca 2ϩ influx through the of the sensory neurons to serotonin. The cytoplasmic N-methyl-D-aspartate (NMDA) receptor or L-type voltdomain of the transmembrane apCAM isoform was iniage-sensitive Ca 2ϩ channels (Bading et al., 1993 ; Rosen tially suggested to be important for internalization et al., 1994) .
because the cell surface expression of the glycosylphosKandel and colleagues now provide compelling eviphoinositol-linked (GPI-linked) form of apCAM was dence that MAP kinase plays a critical role in LTF and found to be unaffected when sensory neurons were exhave identified a novel mechanism that may explain how posed to serotonin. MAP kinase specifically regulates LTF. In the first of two Subsequent deletion and mutagenesis of the transpapers (Martin et al., 1997) , MAP kinase activation is membrane form of apCAM revealed that intact MAP shown to be both associated with and necessary for kinase phosphorylation sites within the cytoplasmic dothe establishment of long-term, but not short-term, facilmain are necessary for apCAM to become internalized itation in Aplysia. A series of five pulses of serotonin, in response to serotonin. Although it has not yet been which induces LTF, was found to lead to translocation shown that serotonin stimulates the phosphorylation of of MAP kinase into the nucleus of the presynaptic cell.
apCAM at the critical sites, this is likely the case since By contrast, a single pulse of serotonin, which induces inhibition of MAP kinase by injection of an antagonist short-term facilitation but not LTF, failed to induce the of the MAP kinase activator, MEK, into sensory neurons translocation of MAP kinase to the nucleus. Exposure blocked the internalization and down-regulation of enof the sensory neurons to agents that elevate the level dogenous cellular apCAM. The demonstration that of cAMP also caused MAP kinase activation and translophosphorylation by MAP kinase is required for apCAM cation, raising the possibility that PKA may somehow down-regulation, that apCAM down-regulation is corremediate MAP activation. Interestingly, in these sensorylated with LTF, and that MAP kinase plays a critical role motor neuron cocultures, the activation of MAP kinase in LTF, suggests that MAP kinase phosphorylation of was specific to the presynaptic cells; addition of activaCAMs may be a critical step in the synaptic remodeling that is essential for LTF. tors of cAMP did not trigger MAP kinase translocation in
Integration of PKA and MAP Kinase Signal
with this possibility, the expression of certain growth factors in neurons have been shown to be activity deTransduction Pathways Given that activation of MAP kinase is critical for several pendent, and there is evidence that in Aplysia the growth factors brain-derived neurotrophic factor (BDNF) and of the regulatory events that lead to LTF, it will be important to establish the mechanisms by which serotonin transforming growth factor ␤ (TGF␤) can induce LTF at sensory-motor neuron synapses (McKay and Carew, stimulates this kinase. It is likely that many of serotonin's effects are mediated by PKA. Serotonin is well known 1996, Soc. Neurosci. abstract; Zhang et al., 1997).
Once activated, MAP kinase is likely to phosphorylate to stimulate the accumulation of cAMP and the activation of PKA. In addition, PKA is a critical mediator of a number of critical targets within the cytoplasm and nucleus of Aplysia sensory neurons (Figure 2 ). While one of LTF. While some of PKA's effects may be due to its ability to directly phosphorylate CREB within the nuthese targets is likely to be the transmembrane form of apCAM, there are likely additional MAP kinase targets cleus, there are a number of ways that PKA might also lead to MAP kinase activation (Figure 1 ). These could that are also important for LTF. The observation in Aplysia that activated MAP kinase translocates to the nucleus involve a recently described signaling pathway in which PKA interacts with the small G protein Rap1, leading suggests that likely targets are transcription factors such as CREB-2 and C/EBP␤, both of which possess Rap1 to interact with the kinase B-Raf, which then stimulates the sequential phosphorylation of MEK and MAP consensus MAP kinase phosphorylation sites and are known to regulate a program of gene transcription critikinase (Vossler et al., 1997) .
Alternatively, it is known that in Aplysia sensory neucal for LTF. The specific genes whose expression is regulated by rons, PKA activation leads to the phosphorylation of K ϩ channels causing a reduction of K ϩ conductance, which MAP kinase and how their protein products contribute to LTF remain to be determined. However, an intriguing results in the increased entry of Ca 2ϩ with each action potential (Byrne and Kandel, 1996 Greenberg, 1996) . A third possibility is that PKA may trigger MAP kinase activation indirectly via the action of ubiquitin C-terminal hydrolase that plays an important role in proteolytic events that are critical for LTF. An a growth factor(s). For example, serotonin stimulation of the sensory neuron could induce the production and/ intriguing possibility that remains to be investigated is that MAP kinase and CREB mediate serotonin induction or release of a growth factor, which might then act back on the sensory neuron to activate MAP kinase via the of ubiquitin C-terminal hydrolase, and that the enhanced expression of the hydrolase plays an important role in classical growth factor receptor stimulated Ras-dependent pathway (Segal and Greenberg, 1996) . Consistent apCAM degradation. Thus, MAP kinase may have a dual 
MAP Kinase Regulation of Events at the Synapse and in the Nucleus
Within the neurite, MAP kinase may phosphorylate the transmembrane form of ap-CAM, marking it for proteolytic cleavage. Before MAP kinase and PKA translocate to the nucleus, the CREB1 activator is inactive, and the CREB2 repressor acts to prevent transcriptional activation through the CRE, preventing genes regulated by the CRE from being actively transcribed. Following MAP kinase and PKA translocation to the nucleus, the CREB2 repressor is hypothesized to be phosphorylated by MAP kinase, rendering it inactive; CREB1 is phosphorylated by PKA and possibly MAP kinase. The active CREB complex then triggers the transcription of immediate-early genes (IEGs).
One IEG induced during LTF encodes the ubiquitin C-terminal hydrolase, which as a component of the ubiquitin-proteosome system may cause selective proteolytic cleavage of apCAM molecules already marked by phosphorylation. This cleavage is likely to increase the internalization and degradation of transmembrane apCAM, perhaps disrupting homophilic interactions between neuronal processes and relieving inhibitory constraints on neurite outgrowth and synapse formation. Another IEG induced during LTF is C/EBP, a nuclear transcription factor that regulates transcription of late-response genes. It is hypothesized that immediate-early or late-response genes induced during LTF encode growth factors or neurotrophins, which may act positively to induce synaptic growth and remodeling. role in triggering synaptic reorganization via apCAM nucleus in hippocampal pyramidal neurons. This is consistent with the finding that stimuli that trigger LTP in (Figure 2 ). MAP kinase may first phosphorylate apCAM's cytoplasmic tail rendering it susceptible to proteolytic the hippocampus can induce MAP kinase activity (Thomas et al., 1994) , and raises the possibility that PKA cleavage and internalization; it may also induce expression of ubiquitin C-terminal hydrolase, which, as a critiis important for the activation of MAP kinase, which could in turn mediate events that are critical for the cal component of the ubiquitin proteosome, could control the proteolysis and internalization of MAP kinase establishment and maintenance of LTP. Since CAMs have already been demonstrated to play a role in the phosphorylated apCAM.
The finding that MAP kinase has a role in synaptic regulation of synaptic potentiation in Aplysia, Drosophila, and mice, it will be important to determine whether plasticity at both the synapse and the nucleus may provide a clue about how synaptic growth, although depenfeatures of MAP kinase regulation of CAM expression observed in Aplysia represent a general mechanism of dent upon gene expression in the nucleus, can be restricted to the previously active synapses on a cell. It has synaptic facilitation that is conserved through evolution. recently been shown in the hippocampus that activity cell (Schuman, 1997; Frey and Morris, 1997) . Since MAP Sci. USA 93, 13445-13452. kinase might phosphorylate apCAM only in the vicinity Bailey, C.H., Kaang, B.-K., Chen, M., Martin, K.C., Lim, C.-S., Caof the synaptic stimulus, and the products of genes sadio, A., and Kandel, E.R. (1997) . Neuron 18, this issue.
induced by MAP kinase signaling may act to down- Byrne, J.H., and Kandel, E.R. (1996) . J. Neurosci. 16, [425] [426] [427] [428] [429] [430] [431] [432] [433] [434] [435] regulate only those apCAMs already phosphorylated, Finkbeiner, S., and Greenberg, M.E. (1996) . Neuron 16, [233] [234] [235] [236] this could provide one mechanistic basis for synapse- Frank, D.A., and Greenberg, M.E. (1994) . Cell 79, [5] [6] [7] [8] specific remodeling. Because PKA has also been shown Frey, U., and Morris, R.G. (1997) . Nature 385, [533] [534] [535] [536] to both phosphorylate targets at the synapse and transHegde, A.N., Inokuchi, K., Pei, W., Casadio, A., Ghirardi, M., Chain, locate to the nucleus, PKA signaling might act in a similar D.G., Martin, K.C., Kandel, E.R., and Schwartz, J.H. (1997) . Cell 89, manner to mark recently active synapses for modifica- 115-126. tion. It is possible that multiple signaling pathways that Martin, K.C., and Kandel, E.R. (1996) . Neuron 17, [567] [568] [569] [570] are important for synaptic plasticity make use of this Martin, K.C., Michael, D., Rose, J.C., Barad, M., Casadio, A., Zhu, same general strategy to target specific synapses for H., and Kandel, E.R. (1997) . Neuron 18, this issue.
strengthening.
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These new findings in Aplysia may have important implications for other organisms including insects and mammals. Although MAP kinase has not yet been shown to be critical for learning and memory in vertebrates, Martin et al. (1997) demonstrate that exposure of hippocampal slices to forskolin, an activator of adenylate cyclase, leads to MAP kinase phosphorylation within the
